Abstract. Contamination of groundwater with nitrate poses a major health risk to millions of people around Africa.
Introduction
For a large part of Africa there is very little, or no systematic monitoring of groundwater. In the absence of data Table 1 outlines criteria used in the web search.
153

Data quality evaluation
155
We used the following additional criteria to select the study:
the publication should explicitly report on nitrate concentrations in groundwater; and
157
ii. the publication should be published after 1999.
158
Also, when many articles have been published for the same field site, we used only the most recent study. We excluded 159 older studies before 1999, since the intensity of human activities is expected to be significantly different after 1999. We Table 2 . In case spatial coordinates were not reported in the selected paper, we allocated the coordinates
165
of the field study in Google Earth using the www.gps-coordintes.net and www.mapcoordinates.net applications. As an 166 example, we present in Fig. 3 the identified locations and reported maximum nitrate values of the selected studies. The 167 absence of exact spatial coordinates in many studies will therefore generate a positioning error in the analysis. However,
168
given the extent of the study, i.e. the African continent, we consider that this positioning error will not have significant 169 effects on the overall results.
171
Determination of spatial explanatory variables
173
Table 3, list the environmental attributes and data sources that we considered for explaining the observed nitrate 174 contamination. These variables represent both anthropogenic and natural factors and were derived from multiple sources 175 of information. The attributes are related to recharge, geology, hydrogeology, soil texture, land use, topography and 176 pollution pressure and were partially inspired from the DRASTIC vulnerability mapping approach. We compiled all 177 explanatory variables in a common GIS environment (ArcGIS 10.3 TM ), using a common projection and resolution (15 a function of precipitation, runoff, and evapotranspiration. The latter is related to vegetation and/or soil type.
187
Groundwater recharge to a confined aquifer is generally more complex, as consideration must be given to the location 
213
Finally, we considered a set of variables related to possible pollution pressure. We considered the application of fertilizer 214 in the agricultural sector as a possible explanatory variable. We generated the nitrogen fertilizer application map from 215 the Potter and Ramankutty (2010) dataset. The values shown on this map represent an average application rate for all 216 crops over a 0.5° resolution grid cell. Following this study, the highest N fertilizer application rate (i.e. 220 kg / ha) is 217 found in Egypt's Nile Delta. We further considered population density as a proxy of pollution source. We considered 
220
Statistical model description
221
We used Multiple Linear Regression (MLR) as the statistical method for identifying the relationship between the 222 observed nitrate concentrations in groundwater and the set of independent variables given in 
226
where y i is the response variable at location i, β 0 is the intercept, β j are the slope coefficients of the explanatory 227 categorical or continuous variables x ij , n the number of variables and m is the number of locations or wells (number 228 of studies here). ε i is the regression residual. In this study, the response variable is the logtransformed nitrate 229 concentration in groundwater. The logtransformation was need to stabilize the variance and to comply with the basic 230 hypothesis of MLR. The logtransformed nitrate concentration is a continuous monotonic increasing function; it is 231 therefore reasonable to accept that factors that contribute to the logtransformed nitrate load will also contribute to the 232 nitrate load. The explanatory variables were defined using a stepwise procedure, using the Akaike Information Criterion
233
(AIC) as test statistic (Helsel and Hirsch, 1992 analyses using the R version 3.1.1 (R Development Core team, 2015).
242
Results
243
Normality of the dependent variable
244
Prior to analysis, we carefully checked the data using descriptive statistics, such as boxplots and correlation analysis.
245
The observed nitrate concentrations through meta-analysis ranges from 0 mg/L to 4625 mg/L for all categories, i.e. in urban areas, immediately followed by agricultural areas.
266
In this study, the aquifer systems for Africa are divided into 5 categories based on the lithological formations. 
281
The relationship between the logtransformed mean nitrate concentration and groundwater recharge can also be observed 
287
The relation between the logtransformed mean nitrate concentration and the population density is given in Fig. 8 . We 
313
The best final model that explains the log transformed mean nitrate concentration includes only 4 explanatory variables:
314
(1) Depth to groundwater, (2) Recharge, (3) Aquifer type, and (4) Population density. Table 5 
321
The regression analysis confirms the strong relationship between population density and logtransformed mean nitrate 322 concentration. As the p-value is far below 0.05, we are more than 95 % confident that the population density strongly 323 affects the nitrate occurrences in groundwater.
325
The aquifer medium is another important explanatory variable for logtransformed mean nitrate concentration. Three mm/year class are statistically significant. In general, these rates correspond to semi-arid and dry sub-humid regions.
345
The high concentrations in these areas can be due to intensive agricultural activities.
347
Other explanatory variables such as rainfall or land cover/land use were not considered in the final model. Indeed,
348
notwithstanding a variable such as land cover/land use strongly influences observed logtransformed mean nitrate 349 concentration (Fig. 6) , it is related to other variables such as population density. Hence, to avoid multicollinearity in 350 the final model, the land cover/land use variable is no longer included in the final model.
352
The final multiple linear regression (MLR) model using the four variables yields an R 2 of 0.65, indicating that 65% of 353 the variation in observed logtransformed mean nitrate concentration at the pan African scale is explained by the model.
354
The result of the model is globally significant because the p-value =2.422e-10 at 95% of the significant level. The
355
observed versus predicted log transformed mean nitrate concentration is shown in Fig. 9 and indicates that the MLR fits 356 the data well. A probability plot of model residuals indicates that they follow a normal distribution (Fig. 10) . We 
Discussion
375
We present in this study a data based method to assess the vulnerability of groundwater systems for water quality 376 degradation. We used the logtransform of reported nitrate concentration as a proxy for groundwater vulnerability. We 377 present a statistical model to explain this proxy in terms of generic data at the pan-African scale. In a previous study we 378 evaluated the groundwater vulnerability for pollution at the pan-African scale using the generic DRASTIC approach 379 ). Yet, the uncalibrated DRASTIC model predictions are subjected to quite some uncertainty, in 380 particularly due to the subjectivity in assigning the generic DRASTIC model parameters. In contrast to this previous 381 study we focus in this paper on nitrate pollution which is a parameter that is strongly related to vulnerability and that 
395
The explanatory variables with the strongest influence on the mean log transformed nitrate concentration at the pan 
452
The advantage of the MLR technique is that it can be easily implemented, and that model parameters can be easily 
486
Also, in this study, we only identified a MLR model based on a meta-analysis spanning the pan-African continent.
487
Since, the data collected through the meta-analysis are very heterogeneous, the quality of the data set remains rather 488 poor. Therefore, future studies should critically address the validity of the identified model and explore how the model 489 can be improved and be used in a predictive model. It is however suggested that such model improvement and validation 490 step should be based on a more homogeneous data set. We therefore suggest to perform this future model validation
491
and model improvement step using data collected at the regional scale using more homogeneous data collection 492 protocols.
494
Conclusion
495
Contamination of groundwater by nitrate is an indicator of groundwater quality degradation and remains a point of
496
concern for groundwater development programmes all over the world. It is also a good proxy of overall groundwater 497 vulnerability for quality degradation. We address in this paper the issue of nitrate contamination of groundwater at the
498
African scale. We inferred the spatial distribution of nitrate contamination of groundwater from a meta-analysis of 499 published field studies of groundwater contamination. We analysed the literature for reported mean, maximum and 500 minimum concentration of nitrate contamination. We subsequently analysed, using box-plots, the reported 
503
We finally developed a MLR statistical model allowing to explain quantitatively the logtransformed observed 504 contamination that is a proxy of vulnerability in terms of spatially distributed attributes. We selected the explanatory 505 variables using a stepwise regression method.
507
We show that groundwater contamination by nitrates is reported throughout the continent, except for a large part of the build the statistical models for the logtransformed reported nitrate mean and maximum concentrations.
513
The graphical box plot analysis shows that nitrate contamination is important in shallow groundwater systems and 514 strongly influenced by population density and recharge rate. Nitrate contamination is therefore a particular point of 515 concern for groundwater systems in urban sectors.
517
The MLR model for the log transformed mean nitrate concentration uses the depth to groundwater, groundwater 518 recharge rate, and aquifer type and population density as explanatory variable. The total variability explained of the log 519 transformed reported mean nitrate concentration by this analysis was 65 %, suggesting that other variables not 520 accounted for in the available ancillary data sets (such as climate zones) or better representations of the variable we do 521 considered may be needed to improve understanding of nitrate concentrations. These findings highlight the challenges 522 in developing appropriate regional variables to predict the conditions most vulnerable to high nitrate concentrations.
523
The MLR shows that the population density parameter is the most statistically significant variable. This authenticates 524 that leaking cesspits and sewer systems are considerably causing nitrate contamination of groundwater predominantly 525 in urban areas. We identified similar MLR models for the log transformed maximum reported nitrate concentrations.
526
Yet, for this latter attribute, the explained variation using the simple MLR techniques (42 %) remains small.
528
One of the main strengths of our study is that it is based on a large database of groundwater contamination reports from 529 different countries, spanning the African continent and linked to environmental attributes that are available in a spatially 530 distributed high resolution format. In addition, the developing a continental-scale model of nitrate contamination in 531 groundwater of Africa, with its highly variable climate zones (hyperarid, arid, semi-arid, dry sub-humid, humid, tropical,
532
and Mediterranean) allowed to determine which explanatory variables mainly influence the presence of nitrate. This
533
represents an important step in managing and protecting both water resources and human health, particularly in semi-
534
arid and arid regions. The main weakness or the major constraints of the modelling lies in the lack of detailed information 535 available at the pan African scale, particularly the lack and uneven distribution of measured nitrate points. In spite of 536 weaknesses and uncertainties caused by a moderate heteroscedasticity from residuals model, the modelling approach 537 presented here has great potential. Although the meta-analysis should not replace nitrate testing, it gives a first indication 538 of possible contamination; it can be also applied to preliminary assessment of nitrate using spatial variables and thus 539 may support the planning process and guidelines for transboundary aquifers managers and regional basin organizations.
540
This is particularly important as the demand for drinking water is increasing rapidly due to climate change and 541 population growth, which will undoubtedly increase the pressure on groundwater resources.
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